CD45, a protein tyrosine phosphatase that regulates Src family kinases, is important for regulating T cell and B cell receptor signaling; however, little is known about how CD45 regulates immunoreceptor tyrosine-based activation motif (ITAM)-dependent natural killer (NK) cell receptor signaling and the resulting effector functions. NK cells from CD45-deficient mice are relatively competent for ITAM receptor-induced cell-mediated cytotoxicity, yet completely deficient for cytokine secretion after stimulation with ligands to or antibodies against NK1.1, CD16, Ly49H, Ly49D, and NKG2D. This deficiency in cytokine͞chemokine production occurs at the level of mRNA expression. After receptor engagement, extracellular signal-regulated kinase and c-Jun N-terminal kinase activation was markedly perturbed, whereas p38 activation was not substantially affected. The pattern and amounts of basal tyrosine phosphorylation were altered in freshly isolated NK cells and were surprisingly and markedly increased in IL-2-expanded NK cells from CD45؊/؊ mice. These findings indicate that CD45-dependent regulation of ITAM-dependent signaling pathways is essential for NK cell-mediated cytokine production but not cytolytic activity.
N
atural killer (NK) cells confer immune protection against certain intracellular pathogens and tumors. They recognize target cells by means of activating cell-surface receptors, which upon ligation induce target cell lysis and cytokine production. Although some ligands of the activating receptors are known, many are still undiscovered. The known ligands include Ig constant regions, viral antigens, adhesion molecules, and stressinduced glycoproteins, which are induced after viral infection or cellular transformation (1) . Inhibitory receptors, which recognize self-MHC class I molecules, modulate the signals of the activating receptors to prevent damage of normal tissues.
Many of the known NK cell-activating receptors, such as CD16, NK1.1, Ly49H, Ly49D, and an isoform of NKG2D, associate with the CD3, FcRI␥, and͞or DAP12 adapter proteins, which contain immunoreceptor tyrosine-based activation motifs (ITAMs) (2) . Ligation of an ITAM-associated NK cell receptor results in cytokine production and killing of the target cell. Src family kinases phosphorylate the tyrosine residues in ITAMs and initiate the activating signal cascade (3) . The tyrosine kinases Syk and Zap-70 then bind to the doubly phosphorylated ITAMs via their tandem SH2 domains, resulting in the activation of downstream molecules, such as phospholipase C-␥1 and -␥2, Vav-1, Vav-2, Vav3, Ras-family members, and the mitogen-activated protein kinases (MAPK) c-Jun Nterminal kinase (JNK), extracellular signal-regulated kinase (ERK), and p38. MAPKs are important regulators of NK cell-mediated cytotoxicity and cytokine production. ERK appears to play a major role in these effector functions (4) (5) (6) (7) (8) , whereas JNK and p38 have more limited roles (4, 5, 9, 10).
The requirement for Src kinase activity for ITAM-based signaling implies that the regulation of Src kinases likely affects NK cell effector functions (11) (12) (13) . Src kinases are modulated, in part, by the protein tyrosine phosphatase CD45. By dephosphorylating the negative regulatory tyrosine of Src kinases, CD45 generates a pool of ''primed'' Src family kinases capable of rapid activation upon receptor stimulation (14) . Depending on a cell's activation status and developmental stage, CD45 can also dephosphorylate the catalytic tyrosine, leading to kinase inactivation (14) . CD45Ϫ/Ϫ mice suffer from severe defects in B and T cell development and function because of deficient antigen receptor signaling, demonstrating the importance of this phosphatase (15, 16 ). When we began our studies, little was known about the role of CD45 in NK cell function. mAbs against CD45 had been reported to activate or inhibit human and rat NK cell cytokine production or target cell lysis (17) (18) (19) (20) (21) (22) . NK cells from CD45Ϫ/Ϫ mice had normal cytotoxic activity against the prototypic tumor cell line Yac-1 (23, 24) ; NK cells primarily use the NKG2D receptor to kill Yac-1 (25) . A study showed that CD45Ϫ/Ϫ NK cells have a reduced capacity for IFN␥ production when stimulated by anti-NK1.1 mAb (23). Here we examine the function of CD45 in cytokine and chemokine production and target cell killing initiated by well characterized ITAM-based activating receptors.
Results

ITAM-Based Receptor-Induced Cytotoxicity Is Intact in CD45؊/؊ NK
Cells. We examined the role of CD45 in ITAM receptordependent NK cell-mediated cytotoxicity. Splenic and liver cells from WT and CD45Ϫ/Ϫ mice were stained with mAbs against NK cell receptors. CD3 Ϫ , NK1.1 ϩ cells were increased in both percentage and number in CD45Ϫ/Ϫ mice (2-to 3-fold increase in percentage compared with WT mice; data not shown), in accordance with prior reports (23, 24) . Expression of NKG2D, Ly49H, CD16, Ly49G2, VLA-2 (DX5), and NK1.1 was similar between genotypes whether the NK cells were freshly isolated or IL-2 expanded (data not shown). However, the percentage of NK cells expressing Ly49A and Ly49D was reduced to 40% and 55% of WT levels, respectively.
IL-2-expanded WT and CD45Ϫ/Ϫ NK cells were compared in their ability to kill target cells through specific NK cell receptors. m157 is a murine CMV-encoded ligand for the activating Ly49H receptor (26, 27) . CD45Ϫ/Ϫ NK cells killed Ba͞F3 mouse pro-B cells transduced with the m157 similarly to WT NK cells (71% of WT) (Fig. 1A) . CD45Ϫ/Ϫ cells also efficiently killed target cells bearing RAE-1, a ligand for NKG2D (73% of WT) (Fig.  1B) . Ly49H signals by using the ITAM-bearing DAP12 adapter (28) , and NKG2D signals via the phosphatidylinositol 3-kinase activating DAP10 adapter (29) , as well as through DAP12 (30) . To extend our findings to other ITAM adapter͞receptor complexes, we examined CD16-induced cytotoxicity because this receptor signals through FcRI␥ (31, 32) . We tested the function of the FcRI␥͞CD16 receptor complex in CD45Ϫ/Ϫ NK cells by testing antibody-dependent cell-mediated cytotoxicity (ADCC) against mAb-coated RMA tumor cells. 51 Cr-labeled RMA cells were coated with an anti-CD90 mAb [previously shown to mediate efficient ADCC (33) ] and then incubated with NK effector cells. Both WT and CD45Ϫ/Ϫ NK cells efficiently killed the anti-CD90 mAb-coated RMA cells at equivalent levels (Fig.  1C) . This activity depended on signaling via CD16 because ADCC was completely blocked by the presence of a soluble neutralizing anti-CD16͞32 mAb. Although ITAM-based receptor-induced killing by CD45Ϫ/Ϫ NK cells was reduced compared with WT NK cells, there was nonetheless significant and easily detectable lytic activity induced by either DAP12-or FcRI␥-associated receptors. Therefore, NK cells lacking CD45 can still mediate cytolytic activity via ITAM-dependent receptors.
ITAM Receptor-Induced Cytokine and Chemokine Secretion Is Severely
Impaired in CD45؊/؊ NK Cells. Besides directly killing target cells, NK cells also function as the main innate immune cell type producing IFN␥, as well as other cytokines and chemokines, including granulocyte-macrophage colony-stimulating factor, TNF␣, macrophage inflammatory protein (MIP) 1␤, MIP-1␣, and RANTES. We tested the ability of CD45Ϫ/Ϫ NK cells to produce cytokines and chemokines in response to stimulation of their ITAM-based receptors. CD45Ϫ/Ϫ NK cells were defective in secreting IFN␥ when stimulated with plate-bound mAbs against NKG2D, Ly49D, or NK1.1 ( Fig. 2A) . In contrast, WT cells made abundant amounts of cytokines. Similarly, stimulation of CD45Ϫ/Ϫ NK cells with ligands for CD16 (plate-bound IgG) or NKG2D (soluble H60) resulted in no detectable IFN␥ production ( Fig. 2 A and data not shown). CD45Ϫ/Ϫ NK cells were also defective in MIP-1␤ and granulocyte-macrophage colony-stimulating factor production ( Fig. 2B and data not shown). However, CD45Ϫ/Ϫ NK cells were capable of cytokine and chemokine production because abundant IFN␥ and MIP-1␤ were produced when receptor-mediated signals were bypassed with PMA and ionomycin stimulation (Fig. 2C) . Thus, CD45Ϫ/Ϫ NK cells are defective in cytokine and chemokine production when stimulated by ITAM-based receptors.
CD45E613R mice harbor a single amino acid mutation in the CD45 juxtamembrane wedge domain thought to play a regulatory role by inhibiting phosphatase activity upon receptor homodimerization. This point mutation results in aberrant T and B cell activation, leading to a lymphoproliferative disorder and autoimmunity (34) . We hypothesized that if CD45Ϫ/Ϫ NK cells are unable to produce IFN␥, then CD45E613R NK cells might exhibit enhanced IFN␥ production. However, comparison of CD45E613R and WT NK cells stimulated via CD16, NK1.1, NKG2D, or Ly49D revealed no difference in cytokine production (data not shown).
Cytokine and Chemokine mRNA Expression Is Deficient in CD45؊/؊ NK Cells. To determine the cause for the defect in cytokine and chemokine production, we isolated RNA from WT and CD45Ϫ/Ϫ NK cells stimulated with anti-NK1.1 or control mAb and performed quantitative RT-PCR. IFN␥ and MIP-1␤ transcripts were greatly increased upon stimulation in WT NK cells but unchanged from unstimulated controls in CD45Ϫ/Ϫ NK cells (Fig. 3) . Thus, the cytokine and chemokine production defect in CD45Ϫ/Ϫ NK cells is explained by the failure to accumulate mRNA from these genes.
MAPK Activation Is Deficient upon Receptor Engagement in CD45؊/؊
NK Cells. The MAPKs ERK, JNK, and p38 function at important downstream signaling branch points, where they serve as penultimate regulators of cytokine and chemokine gene expression by controlling the activation of transcription factors such as Elk-1, ATF2, and c-Jun. These MAPKs have been shown to be involved in the regulation of IFN␥, granulocyte-macrophage colony-stimulating factor, MIP-1␤, MIP-1␣, and TNF␣ gene expression (22, (35) (36) (37) . Thus, we examined the activation͞ phosphorylation state of these MAPKs after receptor engagement in CD45Ϫ/Ϫ NK cells. ERK was markedly activated upon NK1.1, NKG2D, or CD16 stimulation in WT NK cells but was minimally activated in CD45Ϫ/Ϫ cells (Fig. 4) . After NK1.1 stimulation, JNK phosphorylation was decreased in CD45Ϫ/Ϫ NK cells relative to WT controls (Fig. 4C ). p38 phosphorylation was minimally (if at all) increased in WT or CD45Ϫ/Ϫ NK cells in response to anti-NK1.1 (Fig. 4D) . CD45Ϫ/Ϫ NK cells are capable of activating ERK and JNK because stimulation with PMA yielded phosphorylation levels equivalent to WT NK cells (data not shown).
Basal Tyrosine Phosphorylation Is Increased in CD45؊/؊ NK Cells.
Because CD45 is a transmembrane protein tyrosine phosphatase and is important for the initiation and regulation of signaling pathways, we examined CD45Ϫ/Ϫ NK cells for any alteration in tyrosine phosphorylation. Freshly isolated CD45Ϫ/Ϫ NK cells contained a number of proteins that were hyperphosphorylated relative to WT cells (Fig. 5) . Examination of IL-2-expanded NK cells revealed an even more surprising and striking increase in the number of tyrosine phosphoproteins and level of tyrosine phosphorylation in CD45Ϫ/Ϫ NK cells compared with WT NK cells (Fig. 5) . These changes were noted in the unstimulated state, suggesting a profound effect of CD45 in regulating the basal state of tyrosine phosphoproteins in freshly isolated and IL-2-expanded cells even before ITAM receptor-dependent pathways are activated.
Discussion
We have shown that CD45 is not required for ITAM-dependent target cell killing induced by the CD16 or Ly49H receptors, which pair and signal through FcRI␥ or DAP12 ITAM-bearing adapters, respectively, and is not required for NKG2D-mediated cytotoxicity. Because CD45 deficiency had only a modest effect on target cell killing via NKG2D, DAP10 and DAP12 apparently do not require CD45 for activating cytotoxicity. Although ITAM-dependent killing was somewhat reduced in CD45Ϫ/Ϫ NK cells, it was still readily detectable.
In contrast, cytokine and chemokine production and mRNA accumulation are severely affected by CD45 deficiency. IFN␥ production was virtually undetectable when CD45Ϫ/Ϫ NK cells were stimulated via NK1.1, CD16, NKG2D, or Ly49D. Because these receptors signal via ITAM adapters, we conclude that CD45 is essential for ITAM-based activation of cytokine and chemokine production. Although we observed a defect in mRNA accumulation of cytokine and chemokine mRNA, CD45-dependent signaling may also regulate cytokine translation, posttranslational modifications, or secretion. If there were additional stages of protein expression that CD45 controls, these would be masked by the severe defect in mRNA levels.
These findings reveal an unexpected separation in the requirement for CD45 in the activation of distinct ITAM-dependent NK cell functions. It appears that this tyrosine phosphatase is essential for ITAM receptor-induced cytokine and chemokine production but is not absolutely required for cytotoxicity. CD45 is the only molecule to date that has this activity. In contrast, Vav-1, Vav-2, and Vav-3 are required for NK cell-mediated killing but not for cytokine production (38, 39) . As we were concluding our experiments, a study was published describing the same dichotomy between target cell killing and cytokine and chemokine production in CD45Ϫ/Ϫ NK cells (4) .
We explored the molecular basis for this apparent dichotomy in function, focusing first on MAPKs because of their known importance in both functional outcomes. ERK1 and ERK2 have been well studied in NK cells and are activated after receptor stimulation (6) (7) (8) 40) . ERK regulates both NK cell-mediated cytotoxicity and cytokine production, as demonstrated through the use of dominant-negative ERK constructs and MEK inhibitors (5) (6) (7) (8) . MEK is the upstream kinase that activates ERK. We found deficient MAPK activation in CD45Ϫ/Ϫ NK cells. ERK and JNK phosphorylation was significantly reduced, whereas p38 phosphorylation was mildly affected. Interestingly, we found upon closer comparison between various published studies that the IC 50 for the MEK inhibitor, PD098059, was much higher for inhibition of NK cell target killing than was required to block IFN␥ mRNA production or protein secretion (5) (6) (7) (8) . This finding suggests a relative difference in the requirement for ERK in cytotoxicity versus cytokine production. Thus, in CD45Ϫ/Ϫ NK cells, the defect in ERK activation may explain, in part, the defect seen in cytokine͞chemokine production.
The role for p38 and JNK in NK cell effector function is less clear. p38 activation has been noted upon stimulation of NK cells (4, 9, 10). However, exposure of NK cells to p38 inhibitors resulted in either no or partial inhibition of target killing (9, 10), with inhibition occurring only at extremely high levels of inhibitor (10). The p38 inhibitors did not affect IFN␥ secretion, and mRNA levels were only partially reduced at high inhibitor concentrations (5, 10). Thus, p38 appears to not be required for target killing or cytokine production. Although little is known about its role in cytokine secretion, JNK activation has been observed after NK cell receptor engagement (4, 10) (Fig. 4C) . However, expression of a dominant-negative JNK had no effect on human NK cell-mediated cytotoxicity (10) . In T cells, JNK regulates IFN␥ expression (36, 37) , raising the possibility that JNK performs the same function in NK cells.
To explore the basis for the dichotomous defects in CD45Ϫ/Ϫ NK cells, we examined the impact of the loss of CD45 on tyrosine phosphoprotein expression. We expected to see an effect mostly limited to Src family kinases, based on previous studies of T and B cells. Instead, we were surprised to observe an increased basal tyrosine phosphorylation of many proteins when freshly isolated CD45Ϫ/Ϫ NK cells were examined and an even more impressive effect when these cells were expanded in IL-2. Freshly isolated T cells from CD45Ϫ/Ϫ mice also demonstrate elevated basal phosphorylation of several proteins, similar to NK cells (41) (data not shown). How can one explain this effect on multiple proteins? There are several possible explanations that remain to be explored. First, some of these phosphorylated proteins are most likely substrates of CD45, such as the Src family kinases, known regulators of ITAM signaling. Second, because these Src kinases are important in inhibitory receptor signaling, it is possible that impairments or alterations in Src kinase function lead to loss of tonic inhibitory signals, resulting in higher amounts of basal activation. Finally, it is possible that the defects in MAPK activation and in cytokine production are the result of adaptation of the cells to elevated constitutive signaling and compensating inhibitory feedback loops.
Stimulation of the same receptor͞ITAM adapter complex results in differential requirements for CD45 for target cytotoxicity and cytokine production. It is likely that strength and͞or duration of signal may determine the requirement for CD45. Release of cytotoxic granules occurs near the cell surface, in close proximity to many cell signaling components that are activated upon receptor͞ITAM activation. This process requires little time (minutes) between receptor crosslinking and granule release. Conversely, the induction of cytokines (42) by receptor engagement is a lengthier process (hours), involving signal transduction, gene transcription, RNA processing, translation, and secretion. Sustained signaling may be needed for induction of cytokines, whereas brief stimulation may be all that is needed for a robust cytotoxicity response by NK cells (43) .
Materials and Methods
Mice. Inbred C57BL͞6 mice were purchased from Charles River Laboratories or the National Cancer Institute. CD45Ϫ/Ϫ mice (exon 6 disruption) were obtained from E. Brown (University of California, San Francisco) (15) . All mice, including CD45E613R (34) (mice having a point mutation substituting an R for E at position 613 in CD45), were backcrossed eight generations onto the C57BL͞6 genetic background. Mice were housed in a specific pathogen-free facility, and experiments were performed according to University of California, San Francisco, Institutional Animal Care and Use Committee guidelines.
Flow Cytometry. Freshly isolated NK cells and IL-2-cultured NK cells were stained with mAbs against CD3, NK1.1, Ly49D, Ly49G2, Ly49A, and DX5 (VLA-2) (BD Biosciences); NKG2D (CX5) (eBioscience); and CD16͞32 (2.4G2) (Harlan). AntiLy49H mAb (3D10) was a generous gift from W. Yokoyama (Washington University, St. Louis). Phycoerythrin-conjugated goat anti-rabbit and donkey anti-mouse IgG F(abЈ) 2 fragments were used as second-step reagents (Jackson ImmunoResearch). Flow cytometry was performed by using a FACScan (BD Biosciences).
Preparation of NK Cells. Cells from spleen or liver were isolated, and red blood cells were lysed with ACK buffer (BioWhittaker). For the isolation of fresh cells, spleen cells were first stained with anti-CD16͞32 mAb to block Fc receptors and then stained with fluorescent-labeled anti-CD3 and anti-NK1.1. NK1.1 ϩ CD3 Ϫ cells were isolated by using a FACSAria (BD Biosciences). For the generation of IL-2-expanded NK cells, splenocytes were stained with anti-CD4 and anti-CD8 mAbs and then incubated with goat anti-rat IgG-coated and goat anti-mouse IgG-coated magnetic beads (Qiagen) to deplete T and B cells. NK cells were stained with phycoerythrin-conjugated DX5 mAb and positively selected by using an anti-phycoerythrin mAb-conjugated magnetic bead system (Miltenyi Biotec or StemCell Technologies). The resulting NK cells were cultured with 4,000 units͞ml recombinant human IL-2 (National Institutes of Health Biological Resources Branch Preclinical Repository) and used after 6-8 days.
51 Cr Release Assay. Mouse Ba͞F3 pro-B cells, Ba͞F3 cells transduced with Rae-1 (44) or murine CMV m157 (27) , and RMA T cell lymphoma cells were cultured in RPMI medium 1640 containing 10% FCS, 2 mM glutamine, 50 units͞ml penicillin, and 50 g͞ml streptomycin. IL-2-activated NK cells were used as effector cells in a 4-to 6-h 51 Cr cytotoxicity assay (45) . For ADCC, RMA cells were incubated with or without 10 g͞ml anti-CD90 (Thy1) (provided by Salim Dhanji and Hung-sai Teh, University of Vancouver, Vancouver) (33), spun down, and mixed with the NK cells. NK cells were incubated with or without 10 g͞ml anti-CD16͞32 mAb (2.4G2) (to block ADCC) for 30 min and then mixed with RMA or anti-CD90 mAb-coated RMA target cells at various effector:target ratios.
Stimulation of NK Cells. Ninety-six-well plates (BD Biosciences) were coated with mAb or ligand as described (45) . H60 extracellular domain-human IgG1 Fc fusion protein was generously provided by J. P. Houchins (R & D Systems) (46). CD16 stimulation was performed by incubating NK cells on tissue culture plates coated with a nonspecific mouse IgG mAb in the presence or absence of a soluble neutralizing anti-CD16͞32 mAb (2.4G2) (47) . In the absence of anti-CD16͞32 mAb, WT NK cells gave robust cytokine production when cultured on IgG-coated plates. Addition of soluble anti-CD16͞32 mAb binds CD16 and prevents binding to the IgG-coated plastic plates, thereby blocking CD16-dependent NK cell activation. A total of 2 ϫ 10 5 cells per well were plated, centrifuged, and incubated for 4-18 h for cytokine and chemokine secretion assays, 4-8 h for RNA analysis, and 15, 30, 45, or 60 min for preparation of protein lysates for Western blot analysis (all time points yielded robust signals). ELISAs for IFN␥ (R & D Systems), MIP-1␤ (BD Biosciences), and granulocyte-macrophage colony-stimulating factor (eBioscience) were performed according to the manufacturers' instructions.
